THE MECHANICAL BEHAVIOR OF skeletal muscle reflects its elastic and contractile properties (6, 8, 11, 23, 30) . Effective force transmission from contractile elements to skeletal structures requires that the connective tissues have some critical level of stiffness. This stiffness property plays a role in determining the relative energy loss from a given level of force, even at low-force levels used in daily activities. Although it is well known that, at low-force levels, both the tendon and aponeurosis are more compliant than at higher forces (3, 28) , it is generally assumed that, at this point in the stress-strain curve, little elastic energy is stored. The tendons have been reported to be stiffer than the aponeurosis (i.e., the internal tendon) in both animals (5, 13) and humans (17) . However, similar strain properties for the tendon and aponeuroses have been reported (18, 28) . Recent studies show that the stiffness of tendon and aponeurosis is greater in active compared with the passive condition (13, 32) . Zuurbier et al. (32) further showed that the amount of strain experienced by the aponeurosis varies along the length of the tissue and that some parts may be relatively inextensible in the active condition. On the other hand, it has also been reported that the strain in the tendon and aponeurosis is similar (18, 22, 24) . These studies also emphasize the importance of studying the behavior of these tissues in naturally occurring loading conditions in vivo, as well as the importance of the morphological details of the tendons, aponeurosis, and the muscle fibers in determining the strain properties.
B-mode ultrasonography has become increasingly popular in the measurement of human tendon and aponeurosis length changes in vivo (7-9, 12, 18) . In vivo tendon strains have also been measured by using phase-contrast MRI (PC-MRI) (26) . The PC-MRI has the advantage over ultrasonographic measurements in that a considerably larger area of the leg can be visualized in a single image with excellent soft tissue contrast and resolution. Furthermore, PC-MRI measurements can be made even in areas with no special anatomic features that have high visibility with ultrasound. We used PC-MRI to study the Achilles tendon and soleus muscle aponeurosis behavior during voluntary contractions in humans under in vivo conditions. We examined the hypothesis that, during submaximal isometric contractions, the aponeurosis length change is nonuniform and that the aponeurosis lengthens more than the tendon.
MATERIALS AND METHODS
Eight volunteers (4 women, 4 men; 27 Ϯ 7 yr, 72 Ϯ 9 kg, 172 Ϯ 8 cm) participated in the study after signing an informed consent approved by the Institutional Review Board.
The lower leg of the subject was placed on the posterior half of a fiberglass cast that was secured with tape around the leg, immobilizing the ankle at an angle of 90°. A strain gauge embedded in the cast measured plantar flexion torque.
Both legs were inserted into the head coil, now used as an extremity coil, of a magnetic resonance (MR) scanner. Lying in the prone position inside the scanner, the subject was asked to maximally plantar flex the ankle joint. This was repeated two to four times, with the highest value taken as maximum voluntary contraction (MVC). From the MVC, 20 and 40% levels were calculated to be used as target levels during dynamic MR image acquisition. In each series of dynamic scans, the subject was instructed to perform ϳ70 isometric plantar flexion contractions 40 times/min, synchronizing the contraction-relaxation cycles to a computer-generated audio cue that was fed through the scanner audio system. Instantaneous information of the produced force level was displayed on a light-emitting diode bar, enabling the subject to match the targeted force level.
Image acquisition. The MR scans were carried out on a 1.5-T LX scanner (General Electronics, Milwaukee, WI) with FastCard 9.3 software. The sagittal slice used in the dynamic scans was prescribed to bisect the Achilles tendon (Fig. 1) . The vertical positioning of the slice was selected so that the calcaneus and the distal part of medial gastrocnemius (MG) muscle were visible.
Typical MR images used for diagnostic purposes in radiology visualize and differentiate between different types of human (organic) tissue by virtue of the differences in density of protons within them and their microscopic magnetic relaxation properties. In the MRI, detectability of the protons is a function of the ability of protons to diffuse relatively freely (such as in muscle). Protons within solid structures (such as dense cortical bone or tendons) are more static in nature and cannot be detected. As a consequence, these structures are depicted as signal voids (for basics on MRI see Ref. 15) .
Protons that are moving rapidly, either coherently or randomly, are not visualized in typical MR images, appearing more as image artifacts. However, special imaging techniques can be used in which the MR image can be made sensitive to coherent motion of the protons, as in flowing blood, movement of the cardiac muscles (myocardium), or, in our case, repeated isometric contractions of the muscle. Such specialized imaging techniques include velocity-encoded phase-contrast scans, in which the velocity of protons moving with a coherent velocity is quantified by means of the phase dispersion that they generate in the signal detected. To maximize the sensitivity of the velocity detected, the maximum velocity expected (VENC) is mapped to a maximum of 2⌸ radians. In our experiments, we utilized a VENC of 10 cm/s. Furthermore, the movement of the tissue was detected only in terms of its component in the superior-inferior direction; in other words, the experimental technique was not sensitized to determine components of tissue movement in the anterior-posterior or left-right directions. The aponeurosis of interest was oriented along the superior-inferior axis with a worst case of 7°off axis.
With the advent of new and more powerful hardware and software capabilities of the MR scanner, new scanning techniques have allowed the total imaging time to be reduced drastically, while maintaining or improving image quality. One of the most common advanced techniques utilized is "fast spin echo," as mentioned in the paragraph below. In the velocity-encoded images, we have utilized an especially rapid mode, called fast-gradient recalled echo phase-contrast sequence, with four views per segment. Furthermore, the sagittal view of the leg is asymmetric, with the length being much greater than the width. This allowed a further reduction of scan time by reducing the extent of the field of view (FOV) along the anterior-posterior direction compared with the superior-inferior direction by a factor of three-fourths; i.e., we used a three-fourths FOV along one of the directions. Other relevant parameters of the imaging technique included a total FOV of 32 cm, slice thickness of 5 mm, 256 ϫ 128 matrix (this denotes the resolution within the plane of the image; higher numbers indicate better resolution but also longer scan time), and three averages (the larger the number of averages, the greater the signal-to-noise ratio of the image). Twenty time phases were acquired within each contraction cycle. A technique called view sharing was utilized to increase this time resolution. In the present experiment, 40 contractions/min were utilized. The acquisition of imaging sequence was triggered by using force recordings (see below, Fig. 2 ). Fig. 1 . Different types of magnetic resonance (MR) images that were acquired. Morphological images of the lower leg were taken in axial (A) and sagittal (B) planes. In these images, the tendon and aponeurosis are shown as black, muscle as gray, and fat and trabecular bone as white. The sagittal slice to be scanned dynamically was prescribed such that it bisected the Achilles tendon (AT; vertical lines in A). The positions of the 2 axial slices are marked with thick horizontal arrows in B. Cine phase-contrast images with velocity information (C) and anatomic information (D) were collected during isometric contractions. C: the gray scale of each pixel represents tissue velocity, with black indicating fast movement to the proximal and white to the distal direction. Gray as found in trabecular bone of tibia represents zero velocity. The images shown here were taken during early force rise. D: regions of interest (ROI) were determined from the magnitude images and numbered starting from the proximal region. The information from velocity images was used to calculate the movement of each ROI. MG, medial gastrocnemius muscle; Sol, soleus muscle.
Morphological images were acquired in the axial and sagittal planes (Fig. 1 ) by using proton density fast spin echo sequence with slice thickness of 7 mm, slice spacing of 8.5 mm, FOV of 32 cm, two averages, and ratio of echo time (or the time to signal detection) to time of repetition (required for each phase encoding level) of 17:3,000 ms. These morphological scans (ϳ4 min) usually were done between the dynamic scans (ϳ1.5 min) to provide a rest period for the subjects between a series of isometric contractions. We have confirmed that MVC measured after the entire protocol was not different from that measured in the beginning of the experiment.
The validity of the phase-contrast method for measuring velocity has been reported (4, 14) . Our validation studies with isolated rabbit muscle show a high correlation between velocities obtained from phase contrast and from stretching velocity of the muscle (r ϭ 0.94). We have also compared the velocity data obtained by using PC-MRI with the tissue movement acquired by using spin tagging of a human lower leg. The results obtained with two different methods were in excellent agreement (Fig. 3) . Movement of the aponeurosis in the anterior-posterior direction was evaluated by use of three-dimensional (3D), velocity-encoded cine phase-contrast images, two-dimensional spin tag, and magnitude images. From these data, we concluded that the aponeurosis movement in the anterior-posterior direction was Ͻ1 pixel (Ͻ1.25 mm) in all of the subjects.
Within-subject variation in the same scanning session was Ͻ6% of the peak Achilles tendon strain, as indicated by coefficient of variation and 10% in maximum displacement of a given anatomic location. Although the magnitude of displacement varied, the pattern along the length of the aponeurosis was similar (Fig. 4) . Day-to-day repeatability of maximum displacement, tested on two subjects, was 12%. Some day-to-day variation was expected, because the exact same position of the subject and, consequently, slice orientation and tracking of the same anatomic location is difficult to repeat.
Dynamic image analysis and data reduction. Velocityencoded PC-MRI provided two sets of images of 20 temporal phases of the contraction cycle, 75 ms apart. One set of images contained velocity (phase-contrast images) and the other anatomic information (magnitude images) (Fig. 1 ). In the velocity image, the optical density of each pixel represents a velocity of a 1.25 ϫ 1.25 ϫ 5-mm volume of tissue.
Custom-written software for qualitative analysis of the phase-contrast images was developed in the LabVIEW IMAQ environment (National Instruments). The velocity images were corrected by using VENC and VENC scale to obtain absolute velocities of the tissue movement. The images were smoothed by using 3 ϫ 3 pixel averaging, after which the phase shading (systematic errors due to magnetic field inhomogeneities) was corrected by subtracting an average of the 20 images from each individual frame in the 20 phases. This method, selected on the basis of preliminary studies, was based on the assumption that the average velocity in the tissue during one cycle of motion is zero. Figure 2 shows an example of selected phase-contrast images synchronized with force recordings.
Using the processed velocity images, movement of 3 ϫ 3 pixel regions of interest (ROI) was tracked throughout the contraction cycle. The ROIs were positioned typically at every 11 pixels (13.75 mm) to the most posterior site of the soleus muscle and to the calcaneus (Fig. 1D) . The regions of muscle in very close proximity to tendon and aponeurosis were assumed to track these tissues, because the connective tissue itself has a low signal level in MRI. These regions, numbered starting from 1 in the proximal region, were determined from the first magnitude image. The analysis software then measured the ROI velocity at the user-defined locations in the first frame of the velocity image sequence. The measured velocities were used to predict the location of the same tissue in the next image. The ROI was then repositioned to the new location, and the process was repeated throughout the 20 images. The positions of ROIs were normalized to the length of the aponeurosis above and below the MG insertion point of each subject, because of individual differences in leg length. The maximum displacement of each ROI and strain along the aponeurosis were determined. Strain [(l Ϫ l o)/lo] was calculated by using the distance between two adjacent ROIs (l) at given temporal phase and the resting length (lo). The resting length was determined just before the initiation of contraction. The maximum displacement plotted against ROI was nonlinear along the aponeurosis. To quantify the nonuniformity, the aponeurosis below the MG insertion was divided into mid-and distal regions of equal length. Averaged strains of these regions were calculated. The Achilles tendon length was determined as the distance between the ROI in the calcaneus and the most distal ROI in the soleus muscle.
3D volume rendering. The axial morphological images were used for 3D volume rendering of the tendon-aponeurosis complex in an image-processing workstation (Vitrea 2, Vital Images, Minneapolis, MN). The tissue structures from each axial slice were digitally segmented and reconstructed into a 3D model. Cross-sectional area for the free Achilles tendon and aponeurosis structure were compared with tissue movement at a given axial level.
Force measurement. Fiberglass casts of lower leg were made in various sizes to accommodate individual anatomies. The foot and ankle regions of the cast were strengthened by soaking in epoxy resin. An optical Fabry-Perot interferometer strain gauge (Fiberscan 2000, Luna Innovations) was embedded in the sole of the cast for measurement of plantar flexion force. Each cast was calibrated with known weights. The strain signal was digitally sampled at a frequency of 200 Hz and was also used to activate a set of light-emitting diode bars placed at the opening of the magnet bore, enabling the subjects to monitor the level of force. Additionally, the initial rise in the signal was used to trigger the MRI acquisition, thus synchronizing the force and velocity data. Force was averaged over the repetitions performed during a dynamic scan. The average force levels across subjects during dynamic MR scans were very close to the target force levels (21 Ϯ 3 and 39 Ϯ 5% MVC).
Statistics. Both individual and mean (ϮSD) values are reported. Nonparametric Friedman's test and Wilcoxon's test were used to determine differences between loading conditions and between the defined regions in the soleus aponeurosis-tendon complex. The level of significance was set to P Ͻ 0.05.
RESULTS
The displacement of the examined regions was significantly greater in 40% than in 20% MVC (P Ͻ 0.001) (Fig. 5) . Despite careful immobilization of the ankle joint, the calcaneus moved 31 Ϯ 10 and 49 Ϯ 28 mm in 20 and 40% MVC, respectively. When the displacement of each ROI was normalized relative to calcaneus movement, the displacement was greater at 40% MVC (P Ͻ 0.001). It is notable that the midaponeurosis region (ROI 10) moved very little relative to the heel, although there was greater movement distally (ROI 17) (P Ͻ 0.05) in both 20 and 40% MVC. The slopes of Fig. 5 show that the soleus aponeurosis behavior was not uniform during isometric contractions. In the midaponeurosis below the MG insertion, the negative slope indicates lengthening and positive slope shortening of distal aponeurosis. In the midregion, the peak strain was 1.2 Ϯ 0.4 and 2.2 Ϯ 1.7% during a 20 and 40% MVC, respectively. In contrast, the distal aponeurosis shortened 2.1 Ϯ 0.7% (20% MVC) and 2.5 Ϯ 1.6% (40% MVC) (Fig. 6) .
The Achilles tendon peak strains at 20 and 40% MVC were significantly different (P Ͻ 0.05) (2.8 Ϯ 1.6 and 4.7 Ϯ 2.3%, respectively; Fig. 6 ). The average curves showed slightly lower peak strains compared with individually determined peak values, because there were subject-dependent differences in timing of the peak strain (Fig. 6) . A comparison of the temporal evolution of the plantar flexion torque and Achilles tendon strain connectively had a counterclockwise direction among the subjects at both 20 and 40% MVC (Fig. 7) .
Morphological features of the insertion of the soleus muscle to the Achilles tendon differed among the subjects (Fig. 8) . In five subjects, the soleus attached to a small area of tendon in the medial site. For three subjects, the attachment site was more or less in the midanterior site of the tendon.
The 3D volume reconstruction of the tendon-aponeurosis complex further emphasized the individual anatomy. As shown for two subjects, most of the subjects had a sheet of connective tissue protruding into soleus muscle from the aponeurosis (Fig. 9) . The length, depth, and the site of this protrusion of intramuscular connective tissue varied among individuals (Fig. 9) .
The cross-sectional area of the free tendon and aponeurosis (the tissue protruding into soleus not included) varied along the length of the aponeurosis (Fig.   Fig. 5 . Group mean (ϮSD) maximum displacements of ROIs along the length of the aponeurosis. Aponeurosis movement is expressed in absolute values (A) and relative to heel movement (B). In these mean curves, the negative and positive slopes are evident in the defined mid-and distal aponeurosis region, respectively. 10). In the transition from free Achilles tendon into aponeurosis, the cross-sectional area decreased, being smallest in the distal soleus before widening to a sheetlike structure with increasing area.
DISCUSSION
A clear and consistent pattern of aponeurosis-tendon behavior emerged from this study. The distribution of strain along the soleus aponeurosis-tendon unit was not uniform during submaximal isometric contraction.
The tendon and one region of the aponeurosis lengthened, whereas another region shortened. Both the variability in musculotendinous anatomy and differences in recruitment strategies among subjects probably contributed to individual differences in aponeurosis strain.
Nonuniformity in aponeurosis. The midregion of the aponeurosis of the soleus muscle lengthened, whereas the distal aponeurosis shortened, during submaximal isometric contraction (Figs. 4-6 ). Heterogeneous strain has been reported in the human tibialis anterior aponeurosis (17) and in animal experiments (32) . Although shortening of a noncontractile tissue during force development was not expected, this pattern was very consistent across subjects. The fact that the aponeurosis can be shorter in the active than in the passive condition has been reported in cat MG (32) and frog semitendinosus muscle (13) . In their study, Zuurbier et al. (32) presented a hypothetical model in which the collagen fibers were straight in the passive condition, but transformed into a zigzag pattern when active force was applied. This pattern was associated with a shorter and broader aponeurosis compared with the passive condition (32) . Evidence for complex deformation of the aponeurosis during contraction also comes Fig. 8 . Morphological images in the axial plane at the level of Sol muscle insertion to the AT. The bottom images are taken just above the free tendon, and the top images are taken 1 cm above the bottom ones. In the images, AT is seen as black elliptical area in the bottom of the images, and the very distal point of the Sol muscle can be seen as a gray area that is connected to the black tendon. Right or left leg from which the images are taken is shown on the tibia. In subjects 5 and 3, the muscle is connected to a medial tip of the tendon. In subjects 2, 6, and 1, the attachment site is in the midanterior site of the tendon. The differential arrangements are suggested to reflect to the measure of tendon strain. The small attachment site may be the source of nonuniform stress and strain distribution in the AT. Fig. 9 . Three-dimensional reconstruction of the AT-aponeurosis complex from 2 subjects (A and B) . The tendon is located at the bottom of the images and widens to a sheetlike structure covering posterior site of Sol muscle (position schematically drawn). In the axial images, the aponeurosis is a thin black sheet in the bottom of the images, just above white fat tissue. The arrows indicate the connective tissue that protrudes into Sol muscle. See http://jap. physiology.org/cgi/content/full/00775.2002/DC1 for video supplements to Fig. 9 . from an ultrasound study on human tibialis anterior muscle, in which a 21% increase in width and 17% increase in aponeurosis area was observed during maximum isometric contractions (16) . If the volume of a muscle is conserved during contraction, the surface of the tissue must change its dimensions (29) . Because the aponeurosis does not surround the entire muscle in its surface, the distribution and orientation of the applied forces by the fibers could have a major effect on elastic deformation of the aponeurosis.
In the present study, the differential force level along a proximodistal axis could explain the nonuniform behavior of the aponeurosis. It is not known whether the muscle fibers are recruited uniformly throughout the length and width of the muscle during submaximal contractions. In fact, intramuscular distribution of nerves and, consequently, a possibility for compartmentalized activation have been reported in human lower leg muscles (25, 31) . Also, because fibers of a motor unit are often contained within a compartment, the active and passive compartments may cause a variable strain along the aponeurosis (for a review, see Ref. 21) .
Second, the orientation of the muscle fibers to the aponeurosis can differ along the aponeurosis. Therefore, the force vector and the magnitude of its horizontal component deforming the aponeurosis can vary, even if the muscle is recruited uniformly. The variation in fiber orientation in soleus muscle previously reported among subjects (20) is consistent with the variable shapes of the aponeurosis and intramuscular connective tissue observed in the present study.
Third, the variability of the intrasoleus connective tissue structure (Fig. 9 ) along the length of the muscle could contribute to the heterogeneous behavior. The sagittal section that we studied was usually medial to the intramuscular connective tissue. Therefore, the forces transmitted through this connective tissue could have bypassed our measurement at the proximal site. In the distal soleus, however, the sagittal section was usually near the intramuscular connective tissue. Although a functional significance of the intrasoleus connective tissue has not been demonstrated, the intramuscularly protruding aponeurosis could share the tensions transmitted to the Achilles tendon, thus reducing strain on the posterior aponeurosis. Individual differences in muscle and connective tissue structure relative to heterogeneous behavior of aponeurosis should be explored further. In the present study, each subject had a region of aponeurosis that shortened and a region that lengthened, but the relative location of these regions was slightly different between subjects.
The cross-sectional area of the tendon aponeurosis was smallest in the distal aponeurosis and widened into a sheetlike structure with increasing cross-sectional area (Figs. 9 and 10 ). There was no relationship (linear or any other kind) between cross-sectional area and aponeurosis strain, suggesting either a nonuniform force distribution or differences in intrinsic tissue properties. Interestingly, aponeurosis of frog semitendinosus may actually change its intrinsic properties on muscle contraction (13) . Although the distal aponeurosis of the soleus is relatively thick, a larger displacement occurred in the distal than midaponeurosis region.
Behavior of Achilles tendon. The average strain of the midaponeurosis was within the range reported previously (e.g., Refs. 17, 18, 22) . This strain (1.2 and 2.2% in 20 and 40% MVC, respectively) was slightly less than for Achilles tendon (2.8 and 4.7% in 20 and 40% MVC, respectively). A very recent report by Magnusson et al. (19) also reported smaller strain in the aponeurosis than in the Achilles tendon. The very modest lengthening (in addition to shortening) of aponeurosis that we observed suggests that effective forces from contractile elements can be transmitted to the tendon at the submaximal force levels, as occur in our everyday locomotion. Tendon elongation was evident (Fig. 5) in the distal end of the soleus muscle, which moved more than the calcaneus. Tendons can store great amounts of elastic strain energy, which can contribute to the efficiency of locomotion (1, 6, 9, 10, 23, 29) . In series with a stiff aponeurosis, the compliant tendon can provide effective force transmission from the contractile component and storage for elastic energy for economical locomotion. The magnitudes of tendon strain that we observed are similar to that reported previously in physiological levels of loading (17, 18, 22, 26, 27) . However, it must be noted that the present measure of tendon length does not reflect the behavior of the entire cross-sectional area, but a portion of the tendon (see Fig. 8 ), as can be true for some previous results also (18) .
Although the general pattern of tendon behavior in the present study was the same in every subject, the intersubject variability in magnitude of strain was great. Individual anatomy of the muscle-tendon junction may have been a source for the variation in tendon strain. For example, Fig. 8 shows that the most distal point of the soleus muscle can attach to the tendon in different ways from subject to subject. The displacement of the ROI in the most posterior-distal point of soleus muscle represents movement of only a small part of the tendon. The small attachment site of the muscle to the tendon may cause nonuniform stress and strain dynamics (2) . If this is true, the concept of "a" strain value for a tendon is not useful.
On the basis of in vitro and in vivo loading experiments (e.g., Ref. 28), the tendon is expected to show a clockwise traveling stress-strain curve expressing hysteresis. However, we consistently observed a counterclockwise traveling curve, suggesting that the tendon began shortening before the torque peaked. Careful recalibrations and recalculations failed to reveal methodological or arithmetic errors in our procedures, and other explanations must be sought. It is clear that we cannot assume that the torque (stress) measured was imposed on exactly the same tissue in which the strain was measured. Because we controlled the level of plantar flexion torque only, the relative contribution from deep plantar flexor muscles and the triceps surae muscle could have been different between the subjects. Analysis of muscle tissue velocity during the contractions showed that some subjects were able to perform the task with very small movement in deep plantar flexor muscles, whereas others showed similar velocities to the MG or soleus muscle. Furthermore, some subjects had different time-varying patterns in the soleus and deep plantar flexor muscles. Figure 11 shows an example from a subject who had a clear difference in the initiation of soleus and flexor hallucis longus muscle relaxation, with the soleus starting to relax earlier than the flexor hallucis longus. Thus, when the Achilles tendon starts to shorten, the torque level can be maintained high by the deep plantar flexor muscles.
Temporal dissociation of muscle mechanics is also evident in our image data, where errors in synchronization with torque are eliminated. Figure 12 shows temporal differences between tendon strain and displacement of the ROI defining the tendon (calcaneus and the most distal ROI in soleus). In the beginning of the contraction, the muscle started to move up earlier than the calcaneus, thus lengthening the tendon. The peak tendon strain was reached before either of the ROIs reached its most proximal location. This was possible because the upward movement of the distal soleus ROI slowed down faster than the calcaneus. This observation gives support to the suggestion that tendon strain in the superficial region attached to soleus could be different from that in other parts of the thick tendon.
In the present study, we have a measure of tendon strain, but we do not have an accurate measure of tendon force. In the future, it is a necessity to combine in vivo strain and force measurements for a conclusive answer of in vivo tendon behavior. Furthermore, whether tendon strain is distributed equally throughout the cross section of the structure remains unclear.
The implications of the present results to modeling realistic in vivo muscle-tendon output properties seem daunting. Individual variations in anatomy, differential recruitment of muscle fibers and compartments during voluntary activity, and various force-transmission pathways certainly suggest that biomechanical interactions between contractile and noncontractile tissues are not easily addressed with simple models of muscle and tendon. However, knowing the dynamics of strain in a 3D space closely linked to specific anatomic features will be an important step toward reasonably competent modeling. These data may help in understanding the magnitude and orientation of forces within a given muscle.
Limitations to the study. The phase-contrast method requires that there be protons in the tissue of interest. Because of the low-signal content from the free tendon and distal aponeurosis, we placed our markers just anterior to the aponeurosis in these regions. Therefore, we were only able to measure the aponeurosis movement in its surface. In this study, it was assumed that the movement of the tendon and aponeurosis occurs in the superior-inferior direction only. Consequently, possible small movements of the tissue in anterior-toposterior or left-to-right directions are not accounted for. However, we have measured 3D cine phase-contrast and two-dimensional spin tag images with similar results. In this study, only a bisection of the aponeurosis was examined, and the results reported here may not correspond to the behavior in medial or lateral regions of the aponeurosis. Mapping of the tissue movement in a 3D space by using the entire length and width of the structure is needed to establish a complete model of the aponeurosis behavior.
Conclusions. The soleus aponeurosis strained nonuniformly along its length during submaximal voluntary contractions. The midregion of the aponeurosis Fig. 11 . Sol and flexor hallucis longus (FHL) muscle velocities during the contraction cycle from 1 subject. Muscle velocities are mean (ϮSD) values from distal part of the muscles, where velocities were sampled from the entire width of the muscle from rectangular areas (ϳ1.6 cm 2 ). Torque curve is mean (ϮSD) of the ϳ70 contractions performed during a phase-contrast scan. Negative and positive velocities correspond to muscle movement in the proximal and distal direction, respectively. Note that, during relaxation, the Sol initiates distal movement earlier than the FHL. below the gastrocnemius insertion lengthened, whereas the distal aponeurosis shortened. The nonuniform behavior could be due to unequal force distribution arising from complex force transmission from proximal muscle via intramuscular connective tissue, which could reflect compartmentalized recruitment of the muscle tissue in the voluntary submaximal contractions. The portion of the Achilles tendon that we measured strained similarly or even more than the proximal aponeurosis. Individual differences in tendon strain may reflect unique morphological features of the distal insertion of the soleus muscle to the tendon. The present results also suggest that, at low-force levels as occur routinely during daily activities, differential strains can be induced on aponeurosis and tendons.
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